The dependence of the initial production of DNA damages on radiation quality was examined by using a proposed new model on the basis of target theory. For the estimation of DNA damage-production by different radiation qualities, five possible modes of radiation action, including both direct and indirect effects, were assumed inside a target the molecular structure of which was defined to consist of 10 basepairs of DNA surrounded by water molecules. The induction of DNA damage was modeled on the basis of comparisons between the primary ionization mean free path and the distance between pairs of ionized atoms, such distance being characteristic on the mode of radiation action. The OH radicals per average energy to produce an ion pair on the nanosecond time scale was estimated and used for indirect action. Assuming a relation between estimated yields of DNA damages and experimental inactivation cross sections for AT-cells, the present model enabled the quantitative reproduction of experimental results for ATcell killing under aerobic or hypoxic conditions. The results suggest a higher order organization of DNA in a way that there will be at least two types of water environment, one filling half the space surrounding DNA with a depth of 3.7-4.3 nm and the other filling all space with a depth 4.6-4.9 nm.
INTRODUCTION
To understand the mechanism of radiation action on living systems, many phenomenological and mechanistic models have been proposed (see reviews in Refs. 1 and 2). One general agreement is that the target for radiation action is DNA itself, with emphasis on the importance of DNA doublestrand breaks (DSB) acting as lethal lesions. It is also well known that non-homologous DNA end-rejoining (NHEJ) is an important repair mechanism for ionizing radiationinduced DSB in mammalian cells 3, 4) . Reviewing the mechanism of radiation-induced death in mammalian cells, it is not certain yet that the dependence of radio-sensitivity upon radiation quality can be explained in terms of un-repaired DSB production, although some past work has demonstrated that the repair of DSB in cellular DNA can be a major cause of radiation-quality dependence of cellular radiosensitivity [5] [6] [7] [8] . To explore the mechanism of radiation action in mammalian cells, the processes of radiation action for cell killing must be separated into at least two classes, damageinduction and damage-repair and this was done in the previous work 9) . This need arises from the current status of theoretical radiation biology in which no studies have yet shown a single or unique set of descriptive variables to be sufficient for understanding of radio-sensitivity as a whole in mammalian cells and its dependence on radiation-quality.
An inherent difficulty with mammalian cells regarding the present subject is the lack of experimental data concerning the initial induction of DNA damage immediately after exposure to ionizing radiation. As far as DSB induction is concerned, the yields of DSB are measured by various techniques including pulsed field gel electrophoresis (PFGE) for particle radiations of differing linear energy transfer (LET) 10) . Observed difference in relative biological effectiveness (RBE) values between DSB induction and for other cellular effects such as cell killing, mutation and cell transformation, are seen according to the differing repair ability for DSB of the cells and variations related to the techniques used 10) . Initial DSB induction among normal cells with 90 kV X-rays has recently measured using a technique called immunofluorescence 11) . This kind of data is important but it is still lacking especially for information concerning radiation quality dependences. As an alternative, data concerning the initial production of DSB that has been observed experimentally in repair-deficient mutant lines such as NHEJ-defi-cient cells, which are considered to be useful because they will involve the failure of such functions as DNA end-binding hetero-dimer of Ku70/Ku80, catalytic subunit of DNA-PK, XRCC4 gene product and DNA ligase IV [3] [4] . Further, the cellular mutations related to the above functions are known to make cells sensitive to ionizing radiations due to these marked deficiencies 12, 13) . One useful finding is that increased radio-sensitivity is accompanied with increased production of un-repaired DSB in NHEJ-deficient cells 14, 15) . From this finding the higher radio-sensitivity observed in Ataxia telangiectasia (AT) cells is deduced to be due to an increased rate of production of un-repaired DNA damages including DSB. The experimental data [14] [15] [16] [17] [18] [19] on AT-cell inactivation for various radiation qualities, therefore, are useful for estimation of un-repaired DNA damages or approximated initial DNA damages.
Using these data the present investigation on induction of the initial DNA damage proposes a mathematical model developed on the basis of target theory 20) . Although many different ideas of modeling have been developed so far, the concept of a hit in an amorphous volume (volume-like) or segment (linear-like) target has been developed and allow the use of such descriptive variables as radiation absorbed dose 21) , linear energy transfer (LET) 22) , ionizations in a unit of track segment [23] [24] [25] , and primary ionization mean free path 26) . None of these descriptors separates the processes into induction and repair for modeling of radiation action. Using the primary ionization mean free path ( l ) and a molecular structure consisting of DNA and surrounding water, the present study focuses on the relationship between initial DNA damages and cell lethality.
The present model is based on the following notions: 1. Various DNA damages are formed by a subset of single tracks traversing the cell nucleus.
2. Un-repaired DNA damage has a probability of causing cell lethality. Some of the mis-repaired DNA damages will be responsible for mutagenesis or oncogenesis in surviving cells.
The importance of a single track to induce DNA damages including DSB is now well studied both experimentally and theoretically 27, 28) . And it is further suggested that various DNA damages produced by single tracks, as classified in Fig. 1 , are potentially lethal if they are un-repaired, though the exact mechanisms involved are as yet unclear 29, 30) . The initial damage is defined here more generally as the remaining DNA damage uncommitted to a repair mechanisms 31) , and both DNA damages uncommitted to a repair system and un-repaired or mis-repaired DNA damages may eventually be responsible to cellular effects including cell lethality 31) . 
MATERIALS AND METODS
In this section we describe the techniques for (a) setup of the structure of the molecular target in which the initial DNA damages are defined, (b) specification of the modes of radiation action for DNA damage-production within the target, and (c) a definition in which cell lethality (inactivation cross section) is related to the initial DNA damages.
We have used for the model data on the inactivation of ATcells by X rays 14,-19) and heavy charged particles 15, 16) . Methods of the model consist of several steps as described in detail below.
1. The molecular entity for DNA damage is assumed to be any of those shown in the Fig. 1 being caused within a distance of 10 base-pairs 32, 33) . No specification for the complexity of the entity has been taken into account in the definitions, though it can be a matter for repair processes, which are tentatively out of consideration in the present study.
2. A molecular target is defined as a 10 base-pairs unit (denoted here as dna, and DBS and SSB in this target denoted here dsb and ssb respectively) at the central part of a 15 mer B-DNA of d(CGCGCCATTACTCGC) 2 and water surrounding DNA with an appropriate depth of c nm (Fig. 2) . The molecular target is defined in a box (16.77 ¥ 16.98 ¥ 27.06 nm 3 ) large enough to contain the DNA produced by a molecular dynamics computer code 34) and protocol 35) . The (x, y, z) coordinates of all atoms of DNA (948 atoms) and water (189,000 water molecules) stabilized at 300 K are used.
3. A single track of an ionizing particle traversing the target interacts with any atoms along the track. It is assumed that the track is linear within the target and that interactions are caused successively along the track in an interval of distance simply characterized by the primary ionization mean free path l in liquid water 26, 41) . The interaction at either end of a single unit of l along the track is classified as either direct or indirect action depending on the atom involved. If it is any atom of the dna or any atom of a water molecule, it is defined as an origin of a direct action (D) or an indirect action (W), respectively.
4. It is assumed that water relevant to the indirect action is limited inside the depth c nm (Fig. 2) and that only OH radicals produced by water radiolysis are relevant to cause any of or a part of each dna damage (Fig. 1) . Taking diffusion distances equivalent to water of depth c nm and experimental evidences 36, 37) into consideration, we assume that the yields of OH radical at the time of nanoseconds is relevant to the indirect action. The yield of OH radicals at nanoseconds of time by a ionizing particle of l is estimated 38) per W-value [energy required to produce an ion pair, denoted here as g ( l ) (see Appendix)].
5. As potential processes of dna damage-production five modes of radiation action from (a) to (e) are assumed, as described below. As an ionizing track is specified by the distance l and orientation between tracks and the target (Fig.  2) may be random over a large number of similar targets, possible distances of any of two atoms among different molecules in the target are a clue to classify the reaction modes. The average distance over the classified distances according to the mode is used as the characteristic distance (t 0j ) of the j-th mode (j=1, ..., 5) . The number of potential distances occurring in a mode, over which the average distance is calculated, determines the relative importance of the mode among the five modes.
6. The five modes are as follows (Fig. 3 3 ). The molecular target of the present model was a central 10 base-pair DNA (denoted as dna in the text) and waters inside a water depth c that was cut out from the molecular system. Coordinates of all atoms stabilized a temperature of 300 K were produced by the computer software AMBER 4.1 34) with a protocol 35) . One of the results was that 635 atoms of the central dna and a water layer of depth c = 4.6 nm, therefore 15 This mode and mode D are independent of grouping of the water molecules. 7. The probability of the interaction by an ionizing particle traversing linearly in the molecular target is calculated as follows. Along the track a distance x between any successive occurrences of ionization is probabilistically fluctuated as
, where l is the primary ionization mean free path. From this the probability of occurrence of more than one distance l within a distance t along the track is [1 -exp(-t/ l )] . The distances relevant to the reaction modes (a) -(e) have their own frequency distributions (not shown here). The probability of occurrence of ionization in each mode is calculated by an integration of [1 -exp( -t/ l )] folded by the normalized frequency distribution of distance. This integration can be well approximated by [1 -exp( -t 0j / l )] , where t 0j is the average distance of the j-th mode calculated with the frequency distribution.
8. To relate the probability of coincidence of structure between a track and the probability of occurrence of a lethal damage, the efficiency of each mode is considered. We assume that the efficiency is unity for any type of mode causing damages in both strands of dna as types (i) -(iv) in the Fig. 1 , and that the efficiency is p (<1) for the mode causing a damage in either strand of dna as types (v) or (vi) in the Fig. 1 . The efficiency q of an OH radical produced around DNA eventually causing SSB is obtained from experiments and found to be 0.11 39) . We assumed also this value of efficiency for occurrence of a base damage.
9. Another type of reduced efficiency is assumed for the damages such (i) -(iv) in the -15 sec and 10 -9 sec, respectively and the time involved in subsequent molecular rearrangement for ionized or excited dna due to intra-molecular interactions is the order of 10 -12 sec 40) . Considering the possibility of interaction of two independent sub-lethal hits within 10 -9 sec to form a lethal damage in the mode D-W or mode W-W, we assume the probability of two hit [1 -exp (-t0j/l)] 2 for these modes for a single track traversal. 10. The following equations are mathematical statements of Steps 7-10 described above. The inactivation cross sec- Fig. 3 . Five modes to cause DNA damage. l is the primary ionization mean free path 41) in liquid water. The symbols of and show lesion on a DNA strand and OH radical production, respectively. Mode D-D produces lethal damage consisting of two lesions in each strand by direct action from a single track. Mode D-W or mode W-W produce lethal damage through a direct action on one strand and an attack by an OH radical on the opposite strand or attacks by two OH radicals on opposite strands from a single track with an efficiency of q (= 0.11) 39) for an OH radical induce lesion. Mode D or mode W produces lethal damage with an efficiency of p through a single direct action or a single attack by an OH radical from a single track.
tion for the initial production of radiation-induced lethal dna damage consists of five components as a function of the primary ionization mean free path l as the following,
where s g is the geometrical cross section of the cell nucleus, t 0j (j = 1, 2, 3, 4 and 5) the average distance and n j (j = 1, 2, 3, 4 and 5) the frequencies of the modes of D-D, D-W, W-W, D, and W, respectively. The factor q is the efficiency of dna damage-production by diffusion of OH radicals and p is the probability of lethal damage-production through the mode D or the mode W. The yield of OH radicals at the nanosecond scale of time per energy deposition of W-value per ion pair is expressed by g( l )
38) (see Appendix). The quantity N is a normalization constant such that s ( l )/ s g =1 for the ionizing particle of a small l (here l = 0.1 nm).
11. The primary ionization mean free path l in liquid water is defined as the mean path length of successive ionizations along the track of particles 41) . (8) where W is the energy to produce an ion pair in liquid water, T av is the average energy of the secondary electrons and L is the collision stopping power in liquid water. The published data 41) were used for heavy ions and were basis of estimation of l for photons.
12. The number of parameters for the present model is three. These are s g for geometrical cross section on cell inactivation, c for the depth of water, and p for the probability of lethal damage production in the modes D and W. The factor q was not considered a free parameter, but set as q = 0.11 from Step 8. By estimating these three parameters the obtained inactivation cross section, s i ( l ), according to eq.(1) of the present model is subjected to a comparison with experimental data published on AT cells [14] [15] [16] [17] [18] [19] . Experimental inactivation cross section, s exp [ m m 2 ] can be obtained by equation 42) ,
] is the linear coefficient obtained from the linear-fitting of actual experimental data on cell survivals and r is the density of liquid water. The comparison is judged by following the least square fit among possible choice of the three parameters as following eq. (9), (9) where s i ( l ) was the inactivation cross section estimated by eq. (1) and s i-exp ( l ) the i-th experimental data.
RESULTS
The present model is developed to estimate the initial induction of dna damage, which is potential for cell death. The dna damage, whatever its origin, direct or indirect effect, is assumed to be induced by two paths, an interaction of two molecular alterations on each strand of dna within the
exp exp 
The results of c 2 of eq. (9) as a function the water depth c for survival data on AT cells under aerobic [14] [15] [16] [17] [18] [19] (----), hypoxic 16) (--+--) conditions and their sum c 2 (solid curve). Each point was the minimum c 2 with optimized values of s g and p. Two apparent minimum c 2 = 26.2 around 2.2 nm < c < 2.8 nm (denoted here as structure A) and c 2 = 24.7 around 4.6 nm < c < 4.9 nm (structure B) were observed. The total number of data was 35 (24 aerobic and 11 hypoxic). The water depth c is ranged in an interval of 0.3 nm from 0.4 nm to 6.1 nm. range of 10 base-pairs, or a single molecular alteration on either strand of dna, induced by a single track. These conditions occur when the characteristic distance for the five different modes of action match the primary ionization mean free path. OH radicals produced by the average energy deposition for an ion pair are considered to be the agents of indirect action. Based on the notions described above, the present model for initial dna damage was used to study the change in inactivation cross sections for AT-cells as a function of radiation qualities. For this purpose, the optimization of the model parameters was required for determination of the geometrical cross sections (sg) of AT cells, the depth (c) of water around dna and the efficiency (p) for lethality of a single molecular alteration in either strand of dna. The efficiency (q) of OH radicals for a dna damage in either strand of dna was assumed to be constant as q = 0.11 within the water depth of c (Step 8). The experimental data on the inactivation for AT cells used for the present study were obtained from previously published reports [14] [15] [16] [17] [18] [19] . First, the optimization was explored with c 2 values using eq.(9) for s (l) vs. depth (c) between the range of 0.4 nm to 6.1 nm. In Fig. 4 the changes of c 2 values were obtained for AT cells under aerobic (----) and hypoxic (--+--) conditions together with that of their total values (solid line). The curves show the existence of minima with slight difference in atmospheric conditions of the irradiations in the following two ranges; one for c 2 =26.2 lies between 2.2 nm < c < 2.8 nm and the other for c 2 =24.7 between 4.6 nm < c < 4.9 nm. Taking account of the fact that two different values of c 2 were smaller than the sample size of 35 (24 for aerobic and 11 for hypoxic), two of these optimum minima were statistically accepted as a possible depth for the water (Fig. 4) . Tentatively, these two different sizes of water layer were denoted as structure A for the thinner one and structure B for thicker one. The existence of two different structures for water was thought to be an important subject for discussion particularly concerning whether these structures are due to the higher order organization of DNA and its surrounding water.
The optimal parameters obtained for the present model for structure A and B are summarized separately in Table 1 . The results indicate that the efficiency p for production of a lethal damage by mode D or mode W is higher by 5.4 or 5.75 times for the aerobic group than for the hypoxic cells with either of structures A or B, respectively. The values can be taken as an expression of oxygen enhancement for dna damage induction. The difference of sg between aerobic and hypoxic groups may be another expression of oxygen enhancement, so that the ratio of aerobic sg to hypoxic sg was 1.06 ± 0.09 with structure A and 1.04 ± 0.04 with structure B, respectively.
For further detailed analysis, the changes in fraction of the modes of radiation action was explored as a function of l (Figs. 5 -8 ) and other studies with repair-proficient human T1 cells 43, 44) . The data for repair-proficient cells were used for calculating a ratio of the inactivation cross section for T1 cells vs. that estimated for AT cells as a measure of repair. Figures 5 and 6 show the results of estimation with structure A. Good agreement with the experimental data [14] [15] [16] [17] [18] [19] is seen in Fig. 5 (a) . One can see that the change of inactivation cross section with radiation quality is dependent on the probability for dna damage induction. This probability can be estimated as a sum of the contributions from the different modes. The decrease in s (l) in the modes associated with OH radicals as l decreased was found due to the decrease in the yields g(l) of OH radicals at nanoseconds level (see Appendix). The induction of lethality was dominant for such indirect modes as W and W-W for low LET radiations as l increases (Fig. 5 (b) ). This is apparently due to the dominance in the frequency of occurrence in indirect modes, and additionally with a larger value of g(l). On the other hand for high LET particles as l decreases, the induction of lethal damge was dominant through such direct modes as D-D, D and (D-W). This is apparently due to a higher probability for the induction of lethal damage in direct modes, even though both their frequency of occurrence and the yield g(l) of OH are not higher than those of the indirect modes. The result in Fig. 5 (b) shows that the change in contribution fraction of the modes reflects that of un-repaired dna damages in T1-cells. One possibility would be that repair works quite effectively in the modes W and W-W and optionally in the modes D-W or D but less effectively in the modes D-D.
The results in Fig. 6 show some difference between hypoxic and aerobic conditions. The estimation of the inactivation cross section using the present model shows quite good agreement with data obtained by the experiments [14] [15] [16] [17] [18] [19] ( Fig. 6 (a) ). The dependence of the change in fraction of modes as a function of l was attributed to a small contribution of water and a smaller value of p for hypoxic cells, which appeared to reduce the contribution to dna damage production with modes D and W (Fig. 6 (b) ). Under such conditions a repair mechanism may be able to work effectively for the produced dna damages in almost all of modes W, W-W, D-W and D. However, it does so optionally for such dna damages produced with mode D-D. Upon this somewhat surprising result the results with structure A were again examined in a different manner as shown blow.
The results in Figs. 7 and 8 show that there is some difference between structure A and structure B. One finding is that the indirect modes of W and W-W were distinctively dominant in all radiation qualities because of the strong involvement of surrounding water for dna damage induction. The other finding was that the results of calculation for inac-tivation cross sections of AT-cells under aerobic ( Fig. 7 (a) ) and hypoxic ( Fig. 8 (a) ) were in good agreement with those of experimental data [14] [15] [16] [17] [18] [19] . Thirdly as a remark, the difference in the probability p between aerobic and hypoxic groups was considered to include some bias due to a possible difference in g(l) for OH radicals between the two groups, since it has been reported 45) that the production of OH radicals under aerobic condition is less than under hypoxic conditions. Nevertheless it can be said that a repair function may work effectively only for the dna damages produced with mode W but optionally for those with mode W-W or doubtfully for those with mode D, and further probably not for those with mode D-D even under hypoxic conditions. 16) , Heions 15) , 95 kV X 14) , 200 kV X 18, 19) , 225 kV X 16) , 250 kV X 15) , 137 Cs g 17) and 60 Co g 15) , are plotted against estimated l 44) , 225 kV X 44) and 250 kV X 43) , to the present estimates for AT-cells. The experimental error of data of T1 cells and estimated uncertainty of the inactivation cross section calculated for AT cells were taken into account and combined in a single estimated error bar. 
(a) (b)
As for the higher order organization of DNA and structural protein, nucleosomes have been recognized to be a subunit of chromatin, which is composed of two full turns of DNA wrapping around a core of histone proteins (an octamer). This fundamental packing unit is the most elementary framework of chromatin conformation known as "beads-ona-string" 46) . The beads as core part of the nucleosome are linked to each other by a short length of DNA, called linker DNA 46) . From the "beads-on-a-string" framework of chromatin two different situations of DNA exposure to water can be assumed. DNA strings wrapping cores may be exposed only on one side to water molecules but linker-strings may be exposed on both sides. In this situation DNA wrapped around histone cores may correspond to structure A because of less water or more probably because of half the exposure to water and the linker DNA to structure B because of more water or because of full exposure. The calculations of inactivation cross sections for AT-cells according to the present model were made by following the approximation for wrapped DNA the average distance of mode W-W should be half of that of full water exposure, as well as for modes D-W, W-W, D and W. With this approximation an optimization was examined for the depth of water (Fig. 9) . Interestingly a single minimum of c 2 around c = 3.7-4.3 nm was observed, which we call structure C. The optimal values estimated for the parameters required are given in Table 1 . Good agreement was obtained similar to the optimization of inac- 
tivation cross section of AT-cells for structure C by c 2 = 15.8 under aerobic (Fig. 10 (a) ) and by c 2 = 11.1 under hypoxic ( Fig. 11 (a) ) conditions. The fractional changes of modes of action in AT-cells and of un-repaired dna damages in T1-cells were shown for aerobic conditions (Fig. 10 (b) ) and for hypoxic conditions (Fig. 11 (b) ). Both patterns of modefractions in aerobic and hypoxic conditions were similar to their respective pattern for the structure B, and the optimally obtained parameters (sg and p) for structure C show no statistical difference from those for structure B either for aerobic or hypoxic conditions ( Table 1 ). The parameters obtained may be useful for identifying some molecular structures of the target. Moreover, the oxygen enhancement is suggested to be a slightly higher for structure C than for structure B, 9.4 times in terms of p and 1.085 ± 0.09 in terms of sg.
So far as the initial yield of dna damages is concerned, the primary ionization mean free path l was shown to be a good descriptive variable of radiation quality as shown in panel (a) in Figs. 7-8 and 10-11 but not so good for modeling the repair mechanism especially under hypoxic conditions because the same l in the fraction of un-repaired dna damages showed differences in T1-cells depending on the incident particles (Figs. 6 (b), 8 (b) and 11 (b) ).
In summary, the present model has made it possible to estimate the initial induction of dna damages as the source of radiation-induced cell death under aerobic or hypoxic conditions. The results of estimation in terms of l have disclosed that the total inactivation cross section is the sum of l-dependent processes defined in five different actions, which are attributed to both direct and indirect effects of radiation. Consequently, the primary ionization free path l was found to be a useful descriptive variable to describe the difference of dna damage-induction by different radiation qualities. The dependence of un-repaired dna damages on radiation quality may correlate preferentially with those induction modes relevant to direct actions. Finally, the present results of parameter estimation suggest that at least a compound of structures B and C is quite possible as a practical description of target structure, where B can be related to the linker DNA and C to the DNA wrapping histone beads (of about 73% of chromatin subunit consisting of 146 base pairs / 200 base pairs) 46) . (12) as a function the water depth c for survival data on AT cells under aerobic [14] [15] [16] [17] [18] [19] (----) , hypoxic 16) (--+--) conditions and their sum c 2 (solid curve) for the calculations with the assumption that DNA was surrounded by water for half of the surface like that for wrapped DNA around a nucleosome bead of chromatin structure. A single minimum c 2 = 26.9 (total) around 3.7 nm < c < 4.3 nm (denoted here as structure C) was observed. The total data was 35 (24 aerobic and 11 hypoxic). 
DISCUSSIONS

Relation between the molecular target and the geometrical cross sections (s g)
The present model suggests two types of molecular targets, a cylindrical volume which was calculated as V1 = pr 2 h for the structure B and V2 = pr 2 h/2 for the structure C, where r = t01 + c, h = 3.4 + 2c (nm) and c is the depth of the water. Introducing a chord length of each volume lj (= 4Vj/Sj; Sj is the area of surface of the volume Vj including the lateral surface and the bases of the cylinder), an effective cross section seff of the molecular target were weighted by two cross sections sj for fractions of linker and wrapped DNA as seff = 0.27 ¥ s1 + 0.73 ¥ s2, where sj was the geometrical cross section sj = Vj/lj (j=1,2 for the structure B and C respectively). From Table 1 we obtained seff as 126.8 nm 2 and 140.8 nm 2 for aerobic and hypoxic conditions. For high LET radiation where l = 1 nm for instance, the macroscopic effective inactivation cross section sgeff was 151.2 mm 2 , 140.8 mm 2 (= 0.27 ¥ 143 + 0.73 ¥ 140) for aerobic and hypoxic conditions respectively from Table 1 . The ratio sgeff /seff was 1.19 ¥ 10 6 and 1.0 ¥ 10 6 for aerobic and hypoxic respectively and suggests about a million of the molecular targets were involved in a single traversal of the ionizing particle with l = 1 nm. On the other hand the total length of human DNA is almost 2 m long and contains about 2.94 ¥ 10 7 chromatins (of 200 b.p.) or 588 ¥ 10 6 present molecular targets (of 10 b.p.). It may be estimated for the aerobic condition that 1/494 of the total number of the molecular targets, or 1/49.4 of the total number of the molecular targets corresponding to the part of the exon (here called the total exon molecular targets) may be attributed to the cell death of AT cells. For the same radiation, around 50-80 % of the initial damages will be repaired in T1-cells (as shown in the panel (b) of the Figs. 6, 7, 9, and 10). For the case of 80% repair the molecular targets of 1/247 of the total exon molecular targets, or 1/ 2470 of the total number of molecular targets will still have un-repaired dna damages but the whole DNA will enable the cell to survive.
These estimations are modified if the range of an ionizing particle is so short that it is not enough to cross the cell nucleus. This modification is not included in all present calculations with the eq.(1).
Relation between the lethal damage and the dsb
The initial yields of DSB is estimated to be 35 DSBs per cell per Gy for both normal and radiosensitive cells irradiated by 90 kV X-rays over the absorbed dose range of 1m Gy -80 Gy in aerobic conditions 11) , the cross section sdsb which becomes 4 mm 2 per track of the photoelectron of LET = 0.713 keV/mm and l =114 nm from the 90 kV X-rays 41) ) meaning ndsb = 3. are likely associated with DSBs induced only in the part of bead 11) and therefore for each track 582.8 nucleosomes having un-measured DSB of Linker DNA are estimated. From an agreement between these estimates it is suggested that the entity of lethal damages are most likely the DBS induced in Linker DNA and that almost all DSB on the beads on the other hand may be restored structurally due to the binding situation of DNA with a nucleosome core of 8 histones. It may be also suggested that the structure B is relevant to this context and that the entity of lethal damage induced by any of the five modes of the present model is most likely a dsb. These interpretations, however, are only preliminary, because measured yields of DSB may well depend on various conditions including the method itself of the measurement 10) . Nevertheless, the present model suggests that the entity of the dsb, however, may be different depending on induction-mode, and may affect repair processes as seen in Figs. 7(b) and 10(b). Un-repaired dsbís are induced almost only by direct modes, which results from the setup that all atoms of dna are involved. The same analysis is possible with a setup that involves only atoms of the sugar-phosphate backbone to estimate the contribution of modes relevant to direct action (D), though it may result in more reduced contribution from these direct modes than the present results. A study of repair processes, however, may help judge which setup is better. The efficiencies for lethality relevant to modes assumed in Step 8 are also subjects for study through the modeling of repair processes.
Amount of water involved in indirect action
The real depth of the water around DNA relevant to indirect action is not yet exactly known. The potential of ethyl alcohol as a scavenger of OH radicals has suggested the depth of water around DNA to be 4 ~ 6 nm 36) , while the scavenging potentials of other small molecules around DNA has suggested a smaller range of depth 37) . Three different sizes of possible depth (range) of water proposed here. The first is between 2.2~2.8 nm for structure A, the second between 4.6~4.9 nm for structure B and the third between 3.7-4.3 nm for structure C. The possible existence of structure A will depend on repair mechanisms if they work to support the result of Fig. 6 (b) . The result in Fig. 6 (b) , which was not expected, is apparently different from those in Figs. 8(b) and 11(b). At present, therefore, it would be reasonable to conceive that a compound structure of B (linker-DNA) and C (histone-DNA) is possible as an entity, so that the depth of the water should be 4.6-4.9 nm. However, the water around the histone-beads can be expected to be thicker than 3.7-4.3 nm. The present result for structure C would be a thinner entity in terms of depth of water, because experimental inactivation data may include the possible effect of protection by the histone octamer from the induction of dna damages. Track structure simulations may make the present subject clearer with an application to a higher order organization of DNA molecule 47) . The amount of the water affects the estimation for the relative contributions of direct and indirect effect. From the present model for electrons of l = 1000 nm (about 2 MeV) 15% of the DNA damage was estimated to be due to direct effects and 85% due to indirect effects under aerobic conditions in both structures B and C. This result is different from the literature 48) for the same radiation, in which the values for direct and indirect effect were 45% and 55%, respectively estimated by the reactivity of active species including OH radicals to DNA. sec, where 0.3 nm is the average distance of bulk water molecules 49) , and the minimum distance between DNA and water molecules is 0. 
Relevant time of hit kinetics and intra-molecular interaction
Complexity of hits and their consequences
When mode D is due to a single ionization, i.e., ejecting a single electron at most and mode W is simply due to a single OH adduct, their intermediate chemical consequence (ssb) leading to a lethal damage can be considered to be more or less the same 31) . Situations, however, will be more complex if the cases are of multiple ionizations, i.e., multiple electrons ejected (after an inner-shell ionization), or multiple hits to dna due to OH radicals in close proximity with all modes of radiation action. The present model does not take account of such complexity that it may result in much more complex consequences of chemical intermediates, chemical dynamics of intra-molecular reactions and its involvement of dissolved oxygen and counter ions. A more sever case of these complexity must be a gap, a loss of nucleotids of either strand or a deletion, a loss of a few basepairs nucleotides in both strands of DNA. It is not clear now how to analyze these complexities in terms of the present model, though these complexities would be expressed anyhow by numbers of affected molecular targets of the present model. These complexities may provoke another type of complexity of repair process though it is far beyond the application of the present model. Hole migration 50) may induce other diverse complexity such as dependence of DNA damage induction on base sequence. And the hole migration could be a mechanism to induce the damage (iv) in Fig. 1 from the damage (v) or (vi) in Fig. 1 , where the second damage is migrated from outside the target. From these points of view it may well be the case that chemical entities of clustered damage 24, 25, 32, 33) or MDS (multiply damaged site) 27, 37) are more complicated phenomenon than those situations currently proposed by track structure simulations 25, 26) , in which the spatial pattern of ionization or excitation events in liquid water and/or induced and diffused OH radicals with their time profile is simply superposed on DNA structure.
APPENDIX
The yields of OH radicals of the present work were calculated using a prescribed diffusion model (here it is referred to as the radical model) 38) . The radical model solves deterministically a set of differential equations for the yield of radical species induced by radiolysis of neutral water as a function of time after an irradiation. Study on a descriptive variable to explain the dependence of yields of water radicals on radiation quality was elaborated in terms of "spur distance" 38) , in which the primary ionization mean free path l was found to be unsuccessful as a descriptive variable for the estimation of radical yields. Optimization of the relevant parameters of the radical model was made by comprehensive experimental Fricke G-values of different radiation qualities (as the yields of microsecond time scale), and as well by data of the decay of OH radical as a function of time measured by pulse radiolysis experiments for the time of range of 200 picoseconds -microseconds using electrons of 20 MeV or He ions. The optimized radical model enables the estimate the yields of OH radicals G(l) expressed as a function of l for neutral water at the time of nanosecond with an estimated uncertainty of a factor of three (Fig. 12) . The solid curves with symbol ( ) and ( ) were estimates for electrons or photons, and He ions respectively. The electron of energy of 0.14 keV has a minimum l at 4.3 nm. Electrons of energies lower than 0.14 keV having a longer l than the minimum l induce slightly higher yields of OH radicals than that of the minimum l . For electrons of larger l than 1112 nm (or higher energy than 2.27 MeV) it was assumed that G( l ) = 5 per 100 eV. For heavy ions of lighter than Ar ions the yields of He ions were assumed in the present study. For heavy ions of longer l than 1454 nm (or higher energy than 1 GeV/amu), it was assumed that G( l ) = 4 per 100 eV. The yields g( l ) of OH used in eq.(1) was calculated by that g( l ) = G( l ) ¥ W/100 , where it is simply assumed W = 34 eV. 
